Small-angle neutron diffraction was used to image the mixed state in a large superconducting YBa2Cu307_~ single crystal. The flux line lattice was observed in fields up to 2 T at various temperatures from 2.4 to 80 K. The integrated intensity I of the (10) reflection was calculated as a function of temperature for three different fields (0.8, 1 and 2 T). From these I(T) curves, the magnetic penetration depth X(T) was obtained on an absolute scale. This quantity is of particular interest, since it provides information on the nature of the pairing mechanism in the superconductor, i.e. the symmetry of the wavefunction of the electron pairs. The results are discussed in terms of BCS theory (s-wave pairing) and of d-wave pairing with and without impurity scattering.
I. Introduction
Exposing a superconductor to an external magnetic field leads to strikingly different responses depending on the magnitude of the Ginzburg-Landau (GL) parameter K, i.e. type I or type II superconductivity. While magnetic flux cannot penetrate into a type I superconductor below the thermodynamic critical field He (at which the transition into the normal state occurs), it can enter a type II superconductor above a certain lower critical field He1 ('mixed state'). The transition into the normal state occurs at the upper critical field Hc2. Most of the elements are type I superconductors, whereas alloys and the high-temperature superconductors are of type II.
A theoretical description of type II superconductivity is possible within GL theory. Abrikosov (1957) solved the GL equations close to the transition temperature To, where they are linear, and showed that the order parameter 7z (]Tzl 2 is the density of the superconducting carriers) vanishes at certain positions (flux lines), which form a regular hexagonal lattice perpendicular to the applied magnetic field. Successful experimental verification of such a flux line lattice was achieved about 30 years ago (Cribier, Jacrot, Rao & Farnoux, 1964 ). An excellent method to investigate this lattice is neutron scattering, since the magnetic moments of the neutrons interact with the periodic array of magnetic fields. Experiments carried out on low-temperature superconductors such as Nb confirmed the existence and the bulk character of a single crystalline hexagonal flux line lattice (Weber, Schelten & Lippmann, 1974) . However, although large single crystals of Nb were available, the experiments were quite tedious. The lattice parameter depends upon the magnetic induction B and varies between a few hundred nanometres at low inductions and only a few nanometres at high inductions. The corresponding Bragg angles are only of the order of a few minutes or even seconds. Therefore, cold neutron sources providing neutron beams with very long wavelengths, ~.n ~-1 nm, long neutron flight paths and large positionsensitive detectors are necessary.
Experiments on high-temperature superconductors are much more difficult because of the lack of large highquality crystals and because they scatter only weakly. The magnetic penetration depth ~. of these compounds is very large, which leads to a small intensity I, because I is proportional to ~-4. Diffraction patterns are, therefore, only visible aiter background subtraction and are usually of low intensity, even atter counting times of several hours.
In this paper we present data on I(T) obtained on a large Y-123 single crystal. From I(T), the magnetic penetration depth is extracted as a function of temperature, which is discussed in terms of several models for the pairing state of the superconducting carriers.
Experimental
The quality of a large YBa2Cu307_~ single crystal (10 × 7 x 2 mm, 0.9 g) was characterized by X-ray and neutron diffraction at NIST and checked for its twin structure by polarized-light microscopy. The sample is of high crystalline quality with the exception of a small spot in one comer and contains a dense twinning pattern. Tc is Journal of Applied Crystallography ISSN 0021-8898 © 1997 estimated to be about 92 K from measurements of the transition temperature on a smaller companion crystal.
The neutron scattering experiments were carried out at the small-angle neutron scattering facility V4 at BENSC, Hahn-Meitner-Institut, Berlin. The crystal was mounted on an aluminium sample holder and inserted into a cryostat with a horizontal magnet. The cryostat was placed on a table that could be rotated in the xy plane and tilted in the z direction. The crystallographic c axis was oriented parallel to both the magnetic field and the incoming monochromatic neutron beam. The neutron wavelength ~.,, was set at 0.8 nm. The counting time for each point was 20 min or 1 h. The scattered neutrons were registered by a 32 x 32 cm detector set at 4-7.2 m behind the sample. The unscattered beam was intercepted by a beam stop. The diffracted intensity in the mixed state was obtained after cooling through T~ in a certain field and after subtracting the background recorded above Tc at the same field. Diffraction patterns as a function of temperature were measured from 2 to 100 K in fields of 0.8, 1 and 2 T. The actual neutron flux density behind the sample was obtained from transmission measurements using an attenuator, no beam stop, and a counting time of 1 min.
Theory
Neutron diffraction from the flux line lattice allows us to determine the form factor Fhk on an absolute scale, if the integrated intensity Ihk for certain reflections (hk) of the two-dimensional vortex lattice is measured. Ihk is given by
Ihk = FndhkL2n(y/4)Ev(BE/~Z)lFhkl 2
(1) where y = -1.9131 (ratio of the magnetic moment of the neutron to ~tK), Fn is the neutron fluence, ~0 is the flux quantum, dhk is the lattice spacing, ~.,, the neutron wavelength, and V is the sample volume exposed to the neutrons. For the determination of Fhk we use London theory, which is applicable if tc >> 1 and ~ << dhk << ~-(~ is the coherence length), x is very large in hightemperature superconductors, about 55 for Y-123, and the second condition holds for intermediate fields H¢1 << H << Hc2. He1 is normally only several mT, and Hc2 is 80--100 T or higher and comparable to presently achievable magnetic fields only close to To. Solving the London equation
with b parallel to the field (unit vector L) and the c axis, r0 = 0 and div b = 0, yields for the local magnetic field
Fourier transformation of (3) leads to
For the (10) reflection, we obtain
with the reciprocal-lattice vector q = 2rdd and the lattice spacing d = (c~/B) 1/2. In this case, ~ is the magnetic penetration depth in the ab plane.
Superconductivity results from the formation of electron pairs condensing into a coherent macroscopic quantum state. In conventional superconductors, the pair is formed by electrons with opposite momentum and opposite magnetic spin quantum number. The wavefunction of the pair is symmetric and isotropic. However, in high-temperature superconductors, the wavefunction of the electron pair may not be so simple. It was proposed that the electrons are paired in such a way that the angular momentum quantum number, l, is equal to 2 (d wave).
Since the penetration depth is directly related to the density of the superconducting carriers, information on the pairing mechanism of the superconducting state is provided, if ~.(T) is known. For the simple case of s-wave with fit parameters A --2.9037 and B = 1.2886 (t --T/Tc is the reduced temperature), ko is the penetration depth at 0 K. The best fit to the d-wave pairing model (Won & Maki, 1994 ) yields A --1.3056 and B --0.96595, and for 'dirty' d-wave oairing (Sun & Maki, 1995) , A = 2.1721 and B --1.1368, respectively.
Results and discussion
Diffraction patterns of the flux line lattice were obtained after the subtraction of the background. At all temperatures, fourfold symmetry is observed instead of hexagonal symmetry (see Fig. 1 ). This has been reported in earlier publications (Yethiraj et al., 1993) and is attributed to the twin structure of the crystal, since the flux lines are pinned by the twin planes. The two lower spots are of higher intensity than the upper ones because the cryostat was tilted to satisfy the Bragg condition for them.
A rocking curve was taken in a field of 1 T at 6 K. It has a full width at half-maximum (FWHM) of 0.55 (6) °, which is similar to previously observed values (Yethiraj et al., 1993; Cubitt et al., 1992) . The widths may vary from sample to sample because of differing twin morphologies.
The integrated intensity Ii0 as a function of temperature at different fixed fields was obtained from the diffraction patterns by integrating one spot. Fig. 2 shows the experimental results I~o(T) at different fields normalized to a standard monitor count of 108, corresponding to a counting time of 100 min. For all further calculations, the neutron fluence immediately behind the crystal is needed, which was obtained from transmission measurements. We obtain F,, = 1.36 x 1013m -2 for 4m collimation and F,, = 1.28 x 1013m -2 for 8m collimation. Extrapolation of I~o(T) to T = 0 K yields 4900, 4225 and 2160 for 0.8, 1 and 2 T, respectively. At T = 0 K, (1) reduces to with I,o(0) =/o[1 + (4n'2B/@o)~.2] -2 (7) [0 = )'.2nFnB2(V/cl)2)(y/4)2(dPo/B)'/2. (8) With F,, and the extrapolated value of l~o(T = 0 K), ),o can be calculated. We find ~.0 = 204, 206 and 227 nm for 0.8, 1 and 2 T, respectively. The reason for this difference is mainly that F,, is not known accurately, although a weak field dependence of the penetration depth has been reported (Sonier et al., 1997) . Compared to literature values, our value is too large [~-o = 140 nm is reported by Zimmermann et al. (1995) ]. A possible explanation would be that k0 of Y-123 depends on the oxygen content x. Fully oxygenated Y-123 (x = 6.955) shows k0 = 140 nm. If the oxygen content is reduced, ~.0 increases and reaches about 210 nm at x = 6.773 (Zimmermann et al., 1995) . The corresponding Tc for a sample with x = 6.773 is about 70 K. However, our sample shows diffraction patterns at 70 K and above (cf Fig. 2) . Therefore, we conclude that the transition temperature must be about 90 K (similar to that of the small companion crystal, which has a 7",, of about 92 K) and that the high ko values may only be due to the inaccurately known neutron fluence, as Io, I(0) and ~-o are all linked.
We can rewrite equation (1) The experimental data from Fig. 2 are plotted in this form in Fig. 3 (solid symbols) . A remarkable feature of [,%/~.(T)] 2 is that the slope becomes very flat for T --> 0, i.e. almost parallel to the x axis at the lowest temperatures. Such behaviour is observed for the weak and strong coupling BCS case in the clean limit. The normalized penetration depth for the dirty limit has a similar shape, but is unlikely, since the single crystal is presumably in the clean limit due to its small coherence length. Furthermore, we do not observe any kinks within experimental uncertainty, as proposed for an s-to d-wave transition (O'Donovan & Carbotte, 1995) . The lines in Fig. 3 represent some models proposed for the pairing mechanism. The dirty d-wave model provides the best description of the data in all cases, but is unlikely for the same reasons as given above. However, it is quite impossible at present to deduce the actual pairing mechanism reliably, as can be seen from Fig. 4 .
[X0/~.(T)] 2 for B = IT, various theoretical predictions and the experimental error margins are shown in this figure. The two-fluid model is the only one that can be totally excluded, as it lies outside the error bars and does not reproduce the shape of the experimental curve. All other models still have to be considered as they are all within experimental uncertainty. Thus, an exact identification of the pairing mechanism might not be feasible from this type of experiment if the experimental error margins cannot be reduced significantly.
Conclusions
Neutron diffraction by the flux line lattice in a Y-123 single crystal was observed. Diffraction patterns showing a fourfold symmetry were obtained at three different fields from about 2 K to the transition temperature. The most obvious reason for this symmetry is the twin structure of the single crystal, but recent theoretical work also suggests that it might hint at d-wave pairing (Xu, Ren & Ting, 1996) . From the integrated intensity as a function of temperature, the magnetic penetration depth at T = 0 K and [~.0]~.(~] 2 were obtained. As ~.(T) reflects the pairing mechanism in a superconductor, fundamental information on the pairing state is, in principle, provided by such experiments. However, the differences in the penetration depth calculated from several models (BCS theory, d-wave model in the clean and dirty limits) are very small. Thus, all the theoretical curves for [~.o/~.(T)] 2 lie within experimental uncertainty and a reliable identification of the actual pairing state is not yet possible.
Note added in proof. Recent measurements on the same single crystal carried out at the ILL confirmed a slight calibration error of the neutron fluence at the HMI, Berlin. The zero-temperature penetration depth according to our new results is 142 nm, in agreement with Zimmermann et al. (1995) .
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